Abstract-We report a novel technique by which self-aligned thin-film electrodes are fabricated on SU-8 negative photoresist pedestals. A bilayer aluminum and titanium structure is used to align the thin-film electrode and to serve as the optical mask for the UV exposure of the SU-8. The SU-8 developer is used to remove both the unexposed SU-8 and the bilayer structure of aluminum and titanium. The result is a thin-film electrode aligned on an SU-8 pedestal with a minimal undercut beneath the thin-film electrode.
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I. INTRODUCTION SU-8 is an epoxy-based negative photoresist that has been widely used for high-aspect-ratio MEMS applications. Due to its good bio-compatibility [1] , it is also a popular choice for bio-MEMS applications [2] - [5] . We have used electrodes to assemble biological components [6] using dielectrophoretic force and are interested in fabricating electrodes elevated on SU-8 pedestals to provide threedimensional, cell-like structures and to minimize surface interactions with these components. While there are many different strategies for achieving high-aspect-ratio SU-8 structures [7] , [8] , fabricating selfaligned metal thin films on SU-8 structures remains a challenge. One straightforward approach is to pattern the metal thin film on top of a fully-cross-linked SU-8 layer and then remove the unwanted SU-8 by reactive ion etching (RIE) [9] with the metal thin film serving as a mask. However, such an approach has multiple shortcomings. The typical RIE etch rate is about 1 micron per minute, so etching tall features is time consuming [9] . Also, fast SU-8 etching has limited anisotropy, and etching a 10-micron-thick film typically results in an undercut >1 μm. An undercut of this size is undesirable for applications which require small feature sizes. It is possible to reduce the size of the undercut by changing the process conditions, but the etch rate is then even slower [9] . Also, during RIE etching, the metal thin film used as a mask is subject to damage from ion bombardment and redisposition. Damage from ion bombardment can be severe during deep etching, and redisposition of thin film metal on SU-8 can affect the quality of the deep etch. These problems can be reduced by using an additional mask layer; however, this increases the complexity of the process.
In this letter, we present an alternative approach of processing the SU-8 layer before cross-linking and removing unwanted material with SU-8 developer after a metal thin film is deposited and patterned. A bi-layer metal stack of aluminum and titanium thin film is used both as a patterning structure for the thin film electrode and as an optical mask for UV exposure of the SU-8, resulting in self-alignment of the thin film electrode on cross-linked SU-8 with a minimal undercut. This process is scalable for SU-8 of different thicknesses as the development time of SU-8 is weakly dependent on the thickness (1 minute for 1.5 μm of SU-8 and 20 minutes for 250 μm of SU-8).
II. EXPERIMENT Fig. 1 shows the procedure for fabricating a self-aligned thin film electrode on SU-8. In this example, a 20-μm-thick layer of SU-8 from Microchem was spin-cast on a glass substrate and baked at 90°C in a vacuum oven. Next, a 250-nm-thick layer of aluminum and a 100-nmthick layer of titanium were deposited by evaporation and sputtering respectively. Next, a 1.1-μm-thick layer of Shipley 1811 photoresist was spin-cast on the titanium and baked at 35°C for 5 minutes using a hot plate. To avoid poor final structures, this baking temperature was set below the glass transition temperature of SU-8 before crosslinking, which is about 50°C [10] . A more detailed discussion of this process constraint is presented in Section III. After the photoresist was patterned by photolithography, the titanium was removed with nitrogen trifluoride and argon RIE, with the photoresist serving as 1057-7157 © 2014 IEEE. Translations and content mining are permitted for academic research only.
Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. a mask. The exposed aluminum was then etched in 5% sodium hydroxide in water. The aluminum was undercut during etching, forming a re-entrant Ti/Al lift-off structure. The SU-8 was then exposed to UV light using a Karl Suss MA56 mask aligner with a 375-nm exposure wavelength. The light source of the MA56 was modified from a mercury arc lamp to an LED array to provide a narrow spectrum of UV light. With a 375-nm exposure wavelength, uniform exposure of thick SU-8 is possible without using an optical filter, which would be needed if the mercury arc lamp was used. Finally, the Ti/Al structure serves as the exposure mask, and no additional mask is required.
After UV exposure of the SU-8, the structure is ready for thin film electrode deposition. Fig. 2 shows an SEM image of the Ti/Al bi-layer metal lift-off structure after a metal thin film for electrodes was deposited (in this figure, sputtered titanium) . Because of the reentrant Ti/Al structure, there is a gap between the deposited electrode material and the bi-layer lift-off structure. Finally, post-exposure bakes (PEB) at 65°C for 1 minute and at 95°C for 4 minutes on a hot plate were done, and the unexposed SU-8, along with the Ti/Al bi-layer lift-off structure, was removed with SU-8 developer from Microchem. Metals with good adhesion to SU-8 were deposited on top of SU-8 to demonstrate the feasibility of this technique. For example, Fig. 3 shows the self-alignment of an evaporated-aluminum thin film electrode with a minimal undercut on an SU-8 pedestal, and Fig. 4 shows an SEM image of a pair of sputtered titanium thin film electrodes on 20-μm-tall SU-8 pedestals. The tapered walls of the sputtered titanium were caused by their close proximity to the sputtering target. In the case of the evaporated aluminum, no tapering of the side walls was observed. The electrical properties of 75-nm-thick aluminum electrodes were tested with a four-point probe. Their sheet resistances ranged from 0.73-1.00 / , and the variation was due to the non-uniform nature of the deposition. 
III. RESULTS AND DISCUSSION
There are four challenges for developing self-aligned thin film electrodes on SU-8. Firstly, unlike fully-cross-linked SU-8, SU-8 before cross-linking can be dissolved in common organic solvents such as acetone, propylene glycol methyl ether acetate, and toluene. Therefore, conventional photoresists used in lift-off processes, such as the Shipley 1800 series and PMMA, cannot be spin-cast directly on top of the SU-8 layer. The second challenge is a consequence of SU-8 being a negative photoresist: Because of this, the lift-off structure needs to be opaque to UV light of 375 nm so that it can be used as an optical mask for the UV exposure. These two challenges are addressed by using metal thin films for the lift-off structure.
The third challenge is to ensure that the SU-8 layer is not exposed to temperatures above its glass transition temperature during the fabrication process for the bi-layer metal lift-off structure. While fully-cross-linked SU-8 has a glass transition temperature above 200°C [10] , SU-8 before cross-linking has a glass transition temperature of about 50°C, which makes elevated temperatures during processing a concern. For example, Fig. 5 shows an SEM image of a final structure with undesirable SU-8 surface topology that occurred when the 1811 was baked at 40°C for 5 minutes. Fig. 5 also shows the SU-8 surface topology when the baking temperature for the photoresist was set at 35°C. In order to compensate for the lower solvent removal rate in the photoresist, a longer baking time of 5 minutes instead of a bake at 90°C for 90 seconds was needed.
The fourth challenge is to avoid any unintentional cross-linking of SU-8 during the fabrication process for the bi-layer metal stack. During dry etching, plasma creates both heat and UV light, which can crosslink SU-8. Therefore, the bottom aluminum layer of the bi-layer stack was etched by wet chemistry instead.
In order to create the re-entrant profile, selective etching of the bi-layer metal mask, which consisted of titanium and aluminum in this letter, is needed. While fluorine-based etchant can remove titanium selectively over aluminum, it also attacks the photoresist on top. We compared the edge profile of photoresist exposed to dry etching by RIE with nitrogen trifluoride and argon, to that of photoresist exposed to wet etching by buffer oxide etchant (BOE). We found that photoresist exposed to RIE had a superior edge profile compared to that exposed to BOE. Aluminum, the bottom layer of the metal mask, was wet etched by 5% of sodium hydroxide in water because both titanium and SU-8 are not affected by the etching.
This fabrication technique for self-aligned metal thin film on SU-8 pedestals has several advantages over the alternative approach of etching fully-cross-linked SU-8 by RIE with metal thin film as a mask. First, there is a minimal undercut underneath the metal thin film after removing the unwanted SU-8 using SU-8 developer. Another advantage is the good scalability of this technique for thicker SU-8. Because the development time for SU-8 does not scale linearly with thickness, the process described here could be used for thick SU-8 layers. For applications that require thick MEMS structures, the alternative process of etching SU-8 with RIE becomes prohibitively time consuming and mask damage problems increase, but the process described in this letter is suitable even for very thick SU-8 layers.
This technique could also be used to allow the fabrication of structures on low-cost, low-temperature substrates. The technique uses only low temperature processes with 95°C being the highest temperature the sample is exposed to (during PEB of SU-8). This process temperature is lower than the glass transition temperature of many commonly used plastic substrates, which provides the potential for fabricating MEMS on plastic for flexible MEMS applications. This letter describes using the technique for metal electrodes on SU-8 pedestals, but the process is general and a wide range of thin film materials on SU-8 structures could be formed.
IV. CONCLUSION
This letter presents a novel fabrication technique by which selfaligned metal films are fabricated on SU-8 negative photoresist.
A bi-layer stack of thin films is used both as a lift-off structure for aligning thin film electrodes on SU-8 and as an optical mask when SU-8 is exposed. In this letter, the bi-layer films were metal, but any films that provide the dual function of masking the SU-8 UV exposure and providing a re-entrant profile could be used. This approach provides a simple path to self-aligned capping layers on SU-8 structures.
